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PART I 

THE OBSERVED OZONE FLUX BY TRANSIENT EDDIES, SURFACE TO 30 KM 

A. IrnODUCTION 

L .T Although consticuting less than one-millionth part of the atmosphere by 

volume, ozone is of vital importance to the biosphere through its absorption 

of certain harmful. ultraviolet wavelengths and its regulation of the thermal 

structure of the stratosphere. It has long been known that photochemical 

theory, by itself, fails to account for the ob~~cved ozone distribution, and 

atmospheric motions are largely responsible for the distribution in the lower 

and middle stratosphere. A basic disagreement, however, conccrns the relative 

importance of mean motions and turbulent motions (the "eddies") in accomplish- 

ing this distribution. It has beec maintained by some (e.g., Brewer, 1949; 

Dobson, 1973) that a mean meridional circulation transports ozone-rich air 

directly from the tropical middle stratosphere to the high latitude lower 

stratosphere. The other school of thought is that the eddies are primarily 

responsible for the poleward flux of ozone, at least in middle latitudes, and 

this view is much mcre dynamically reasonable. That eddies play an important 

role in the poleward ozone flux has been argued by rlartin (l956), Godson (1960), 

and Newel 1 (196 1, 1964) , among others . 

If X represents the instantaneous concentrction of ozone and v represents 

the instantaneous northward wind, then the total northward flux of X past any 

particular point is given by 

Here the overbar signifies a eime average and a prime the deviation therefrom. 

The first term on the right of (1) is the flux due to the mean northward wind 

past a single point and is thus composed of a contribution by a) the zonally 

averaged, time averaged, northward wind (the "mean meridional circulation") 
I I and b) the deviation from the mean mer-idional circulation of at the point 

(the "standing eddies"). With the present network of ozone and rawin stations, 
b it is not possible t o  distinguish between contributions a) and b) at single 

stations. The second term on the right of (1) is the flux due to the "transient 

eddies", and this tern we are able to evaluate at stations where both v and X 

are observed. 



It should be emphasized that, in addition to the horirontal mean and eddy 

fluxes, there are eddy and mean vertical flaxes which are certainly an important 

part of the global flux picture. Since vertical wind is not measured, it is not 

possible to directly compute vertical fluxes, even if one had much better station 

coverage. 

Several investigators have carried out the transient eddy flux cornputatton 

for ozonesondes at individual stations: Hering (1966) for Seattle, Fort Coii~ri;. 

and Bedford; Pittock (1968) for Aspendale, Australia; ~t'tsch and Favarger (1909 ! 

for Boulder; Hutchings and Farkas (1971) for Christchurch, New Zealand; anci 

DeMuer (1976) for Uccle. Although these results varied from station to 

station, they generally showed a large horizontal transient eddy flux of ozone 

at about 12- 16 km over mid-latitudes in winter and spring, with small, or 

even negative, fluxes in other seasons and at other heights. All these studies 

were for mid-latitude szations. 

The present study uses similar methods as the previo~s studies, but encom- 

passes more stations and regions. Specifically, these regions are Japan 

(3 stations), western North America (6 stations), eastern North America (12 

stations), and western Europe (6 stations). Presented are seasonal height- 

latitude tnbles and cross sections for each region. 

B. DATA AND COMPUTATIONRL METHOD 

The data used in this study are described in Table 1 and in Figures 1-3. 

The North American ozone data were primarily from the Air Force Cambridge 

Research Laboratories ' (AFCRL) 1963- 1965 sounding network (and the extension 

until 1969 at a few statione). These data were obtained from World Data 

Center-A (Asheville). Most of the remaining data were obtained through the 

World Data Center for Gzone, Downsview, Ontario, Canada. Data for Boulder and I 

Thalwil were extracted from DCitsch (1966) and DUtsch, et al. (1970). 

Naatrm (1978) has shown that ozone and northward wind are nearly 90' out 

of phase in the extratropical lower stratosphere, with the v maximum lying 

to the eaet of the ozone maxFmma. Typical X,v correlations are quite mall, 



FIGURE 1. North American ozonesonde stations . 100% divides "western" 
and 'leas tern"' Nor ttr America. 
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FIGURE 2. Japanese ozonesonde stations. 

FIGUBE 3, Wsrtern European ozoaeronde' station8 , 

1-6 



and sensitive to space and time lags of the individual observations. It is 

therefore unfortunate that wind data accompanyiug the AFCRL soundinge were 

discarded (Hering, personal communication, 1977) and that, at a few other 

station&, wind data were not routinely reported. When concomitant wind was 

not available, data within f 8 hours from a nearby rawin station wele ri*;c.ti. 

Such rawinsonde data were obtained from World Data Center-A. For the .I-..I 

ozone stations which did not report temperature (needed for determinat~ ' 1 1  of 

concentration), temperature was also taken from this rawinsonde report. 

The choosing of a rawin station to pair with ar ozone station was usllally 

based simply on separation distance, but consideration was also given to the 

fact that v is about twice as highly autocorrelated in the north-south direc- 

tion as in the east-west direction in the uFper tr. --?sphere (Buell, 1973), 

and probably in the lower straixphere as well. Therefore, Seattle i- paired 

with Salem (283 km south) rather than with Tatoosh Is. (210 lan west). 

All wind data were objectively checked using a vertical wind shear criterion 

proposed by Essenwanger (1967). Temperature was also required to pass certain 

vertical. consintency checks (details available on request). The computation of 

flux was carried out for the levels 1000, 850, 7011, 500, 400, 300, 250, 200, 

150, 100, 70, 50, 30, 20, 10, and 7 mb. Values at 2.5 km height increments were 

subsequently read off t!le anal.yses, according to seasonal mean height-pressure 

relationships in the standard atmospheres of various latitudes (U.S. Standard 

Atmosphere Supplements, 1966). 

There have been occasional periods ar a few ozone stations when ascents 

were made only a few hours apart. This often led to the pairing of two or 

even three ozonesondee with a single rawinsonde. When chis happened, the 

ozone data were averaged and liencef orth treated as one observation. 

2. Flux Computation 

In computing seasonal mean fluxes, care was taken not to give undue weight 

to observation series whose temporal density indicated the individual observa- 

tionr were not independent in the statistical sense. Wilcox (1978) determined 

that total ozone observations (at middle latitudes) may be considered indepen- 



dent i f  they are four day8 apart. Comparing Nartrm (1977, Figure 2 ) ,  it seems 

that  local ozone i s  even more highly variable. Here we have a rb i t ra r i ly  r e t  42 

hcurs a s  the threshold beyond ui~ich independence is aammed, a d  averages are  

taken over MY group ~f observatioarr which are  lw.; than 42 hours apart. This 

average is used, but weighted by the square root of the h e r  of such ob8ent.- 

t i o m  i n  the group, i n  the caputa t ion  of mean f lux over a s iagle  season. - 
F the flux for  individual searon j (j-1, . . . , J ,  where J - i s  the tumber of years 
j * 

used) is 

i n  which ni io  the n d e i  of oboervations i n  the i t h  oboentatioa group, a d  

I is the amber of group8 i n  the ne~son. Usually, there was only one observa- 

t ion per group, i n  which cane, ni = Ki - 1. But, u described dove, when 

observations within a group were not t ho~gh t  to  be independent, ni is equal t o  

the number of observations whone aver.pe w.8 wed for  Xi and vi. 

Ndte that (2) is term-for-tern mal.gous, errcrpt for  the tmightiag, with 

the more concise notation 

In fornfag the long-term rmronrl  flux, P, the ? s were wlghted by the f 
square root of N where N. = g ~ , ,  i.e., 

1 * ' i-1 



It will be noted that this coaputational method does not take into account 

the positive correlation of seasonal changes in X and v in the mid-latitude 
lwer stratosphere. This correlation, when positive, makes an algebraically 

positive contribution to the flux (see Nastrm, 1977). However, the effect is 

not thought to be serious over the three-month averaging periods, and efforts 

to account for the variability would, in any case, be inaccurate due to dearth 

of data. 

3. Standard Errors 

Standard errors,Op, of the long-term seasonal mean fluxes, were estimated 

by 

where ox-and o are the standard dedations of ozone and northward wind, respec- 
v 

tively (Panofsky and Brier, 1958, p.93). Standard errors helped to guide the 

analysis in areas where individual fluxes were spatially inconsistent. . 

Fluxes were statistically insignificant, typically, over -st of the 

altitude range considered. Uarrlly, it is only just above the tropopause that 

the magnitudes of indiviaml fluxes surpass twice the standard error (i.e., 95% 

confidence in the sign). These regions, usually in mid-latitudes, from 10 to 18 

h, sh w  significant winter and spring fluxes which are generally poleward, 

except eqwtomrd over Japan and at high mid-latitudes over North America. 

Above and below these regions, ud at all a l t i b ~ a  of law latitudes, the 

fluxes are generally mall, but usually, through consideration of fluxes at 

several levels and/or stations, a good guess at the proper sign can be made. 

1. Eastera North America (Figure 4 and Table 2) 

During winter and spring, there is 8 region of very significrrnt northward 

(pori t tue )  flux nslrr 60# f r a  about 10 to 16 h. This is in qualitative .rrd 
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reasonable qu.ati tat ive r y r e a e n t  with the countergradiant fluxes found i n  

previous studies (Hering, 1966 ; L1Utrch and Pavarger , 1969). Sbmver, the 

present analysis ohms a a y t i v e  (downgradient) fluxes a t  Goore Bay i n  winter 

.nd a t  Churchill .nd Goose Bay i n  spring above about 8 h. Such negative fluxes 

have been found i n  i n d i v i d a l  seuons,  at other locatiom, by Newell  (1964). 

Pittock (1%8), and lbstra (1977). 

During s m r ,  m t e d  fluxes tend to  have modest negative values i n  the 

r id - la t i tude  low stratosphere, returning t o  posit ive valuer by autmn. In the 

tropics, as w:l a s  throughout the trapospheae d the subpolar mlddle s t ra to-  

sphere, the c q t e d  ozone f lux is  mall i n  magnitude and uncetrtain i n  sign. 

A t  high la t i tudes  over eastern North herica (&am mainly by Resolute), 

Lhe flux is f a i r l y  large southward i n  a11 susoar but surer. However, a 

longitudiually uniform southward f lux 3f such a magnitude would inply an 

uure8sonably large c o a p e ~ a t i n g  dawmrard flux through the 30 km level over 

.-,Lar regions. Such a dawmnrd f iux vould have t o  be a t  l t r r t  an order of 

~ g n i t u d e  larger than that is pradicted by It-theory using diffusion coeffi- 

c ients  f r a  Part I1 of t h i s  work, o r  from other investigattona (see CUP, 

1975). We conclude that  there is ei ther  a large l a r g i t u d i ~ l  var i8bi l i ty  i n  the 

transient eddy flux a t  h i m  lati tudes,  o r  e l se  standing eddy fluxes ccmpensate. 

In this camection, it should a l so  be rentioned that obsertntiaar were not 

sc ' ted according to  whether there wu a "sudden stratospheric warming" occurring 

or not. Such w d n g  period8 a r e  thoyqht t o  be a primary rccbrnim through 

which otone is dvec ted  f r a  middle t o  p o l u  latitudes (Godm, 1960; Clark, 

1970). Since the f lux vould therefore be of dt f ferent  character 

periods, a s t a t i s t i c a l l y  unrepresentative aapli* of the a r c t i c  

sphwe would have a prof& af fec t  on c q w t e d  fluxes. Extreme 

ohould =capany any we of there high la t t tude results. 

2. Western lsorth hetic8 (Figute 5 a d  Table 3) 

Western North k e r i c r  a w i n  shows s tqaif icant  northward flux 

8-16 h, except i n  srrrcr. h e r e  i r  a tmdeacy, as over eastern 

during these 

winter s t n t o -  

caution 

for  hi@ r id- la t i tude rutiow t o  evidrace eqrutonard flux. Thir is particu- 

l a r ly  true a t  S u t t l e ,  which has re la t ively  fw observation8 and whore "concni- 

tmt" winds c from P f a i r l y  d i r tan t  station, but the more re l iab le  1Cd#aton 

data suggests -rive r!lurtrr also. 
1-12 





North of 60N, an area reprerented solely by the scanty data of Fairbanks, 

large poritive fluxes above 16 km in the winter are replaced by negative fluxes 

in the apriag, while very large positive flure8 are seen in spring just above 

the tropopuae, 6-11 la. Fairbanks values should be taken as suggestive only. 

South of 60N and above 18 h fluxes arc small throughout the year, as they also 
at-- , f . ~  the troposphere. 

D. Western Europe (Figure 6 and Table 4) 

Sizeable northward fluxes exist over western Europe in winter between 40 

and SON, 10-14 h. In spring the main center of northward flux seems to have 

moved farther northward. Interestingly, although the farthest north station, 

Berlin/Lindenberg, approaches the latitudes of Goose Bay and Edmonton, it does 

not show the negative winter and spring fluxes that exist at the latter stations. 

Flux remaim positive at 10-14 km for most stations in srrmmer but is only 

less than half as large as during winter. During autumn, mall positive fluxes 

exist at a h r t  all levels above the tropopause. 

4. J8p.n (Figure 7 and Table 5) 

In winter, the Japanere data paint a picture of negative fluxes 16-22 lau 

over Kagoshlma (32N) and below 14 km over Sapporo (43N), and generally positive 

fluxes elsewhere. At their largest values ( 4 . 5  x 10l8 molecule8 i2sec-l. 

hereafter called "unitr") at around 14-16 km, these poritive fluxer are signifi- 

cantly smaller than the positive wintertime fluxes seen in the other regionr. 

In spring, rignificant negative fluxer occur at all three rtations from 

about 10-16 h, especially at Sapporo where the 150 mb flux ir 5.8 f; 2.5 

units (95% confidence limits). At Sapporo, the flux becaaes rtrqly mrth- 

ward in 8-r Ud .U~UID juat above the tropopmre, while at the other rtationr 

the pattern ir nondercript, but with a tendency toward -11 negative valuer. 

D. DISCUSSION - 
1. C ~ ~ ~ . r i r o a  with Reviour abwnmtioaul Rerult& 

It is worthwhile to c q a r e  the prerent rerultr with previour imertiga- 

tioar of tbe trmuient eddy orom f l r n d e  at iadividurrl rutionr, or at 



DEC-FEB MAR-MAY 

KM B'i' I '?? 8 BY'?? I 9- I .  

JUN-AUG 
BY'??  '% 
7 

SEP-NOV 

LATITUDE (N) 

FIGURE 6. Northward ozone f l u  b the transient eddies over weetern 
Europe. Unit. are 10lg molecule8 m-2see-1e Letter8 at the 
top refer to rtationr (Table 1). Southward regions shaded. 
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groups of a few stations (es in the case of Hering, 1966). However, although 

the present study includes the stations used in several of these previous 

investigations, differences in period of record, availability of wind data, 

and computational technique make differences in results inevitable. 

All previous investigations of the ozone flux which used ozonesondes have 

been for mid-latitude stations. They have all shown positive winter and spring 

fluxes from about 10-18 lan, with maxima at about 12 km. Dt'tsch and Favarger 

(1969) have computed this maximum to be 3.8 units in winter and 2.7 units in 

spring for twb years at Boulder, while Hering puts it at 5.0 units for an 

average of two vears' December-May fluxes at Seattle, Fort Collins and Bedford. 

(It is not clear whether or not Hering removed the flux due to the correlations 

brtween the annual waves of v and X. While we did not remove this correlatim 

either (see Section B), ~ering's longer averaging period (six months) would 

have more serious consequences (Nastrom, 1977).) 

At Aspendale, Pittock (1968) found 200 mb poleward fluxes of 2.6 units in 

s m e  winters or springs, but equatorward fluxes (of up to 4.0 units) in others. 

Hutchings and Farkas (1971), from a very small data sample at Christchurch, 

determined an annual average flux at the 12 km level of about 3.1 units. 

Not included in the present report are several recent years of soundings 

at Uccle, from which DeMuer (1976) has computed fluxes. His annual mean value 

at 200 nb is 1.5 units which compares well with our annual mean at nearby 

(in latitude) Berlin (1.4 units). 

Nastrom (1977) has computed fluxes between 11 and 12 km, 10-60N, from one 

year of simultaneous wind and ozone measurements aboard cannercia1 aircraft. 

Again, his fluxes are in reasonable agreement with the present values, especially 

coneidering the very different sampling characteristics. 

Of course, comparisons of results could be made for every level and season, 
I 

. but the main point can now be stated very simply: The presene results are 

consistent, in the main, with previous results, despite differences in data and 

computational method. This fact should lend confidence to the new results 

presented here, most notably the negative fluxes over Japan and North America, 

and, in general, the large Latitudinal variability of the fluxes, It is also 



clear from the regional differences in the present results that there is a large 

longitudinal andlor interannual variability in the transient eddy flux of ozone. 

This comes as no surprise, as Nastrm (1977) has also provided such a picture d t  

11-12 kn, 40-SON. In particular, for one March in the longitude sector 120E-180 

(i, e., mostly north and east of Japan), Nastrom found a negative flux of 6 units, 

while most other. longitude sectors showed positive fluxes of varying magnitudes. 

The negative spring Japan flux agrees well with the values deduced from ozone- 

sondes. It is also evident from the aircraft data that equatorward fluxes . . 
occur in other longitude sectors, sametimes at latitudes as far south as 40N, 

but that there is considerable interannual variability in this latitude, as can 

also be inferred from the results of Newel1 (1964) and Pittock (1968). Inter- 

estingly, spring is the only season in which Newel1 (1964), in his correlatians 

of v with total ozone, did not infer a negative transient eddy flux in the lower 
stratosphere over Japan. It is for these reasons of significant longitudinal 

and interannual variability that we have chosen not to try to combine our 

regional fluxes. 

2. Qualitative Remarks on the Ozone Flux Budget 

Similarities between patterns of the zonal mean observed isentropes and 

ozone concentrations imply that the countergradient ozone flux ir effected by 

the same process that effects the countergradient h u t  flux. The spatial 

relationship of temperature and height fields in the mid-latitude lower strato- 

sphere indicates the subsidence of air in the troughs and the ascent of air in 

the ridges. Wallace (1978) has explained that air must mcve through a lower 

stratospheric trough at a subgeostrophic speed and that, converrely, air moving 

through a ridge must do so at a supergeostrophic speed; that is, there is a 

poleward acceleration in the troughs a d  an equatorward acceleration in the 

ridges. Canbined with the fact that potential temperature increrree with height, 

this process leads to the observed downward, polewrrd (countergra~ient) heat 

flux. Ozone, since its concentration also increares with height, is trms- 

ported downward and poleward by the rame procese. 

This explanation predicts only poleward flux throughout mid-latitudes, as 

ie obrerved in the case of both standing and transient eddy heat flux (Oort 

and II.musron, 1971, pp. 286-289). However, the prerent rerultr for ozone 



indicate an equatorward transient eddy flux in winter and especially spring at 

high mid-latitudes. Newel1 (1964) has suggested that the negative fluxes he 

found over Japan may be associated with stratosphert--troposphere exchange 

processes. This association is appeallag, since the large convergence of ozone 

between the positive and negative fluxes would have to be in large part balanced 

by downward removal into the tro:-osphere. However, association does not neces- 

sarily imply cause, and we cannot at prese:~t offer a dynamical explanation of 

the high mid- latitude equatorward fluxes. We can, however, note a strong 

association with the mean potential temperature field. Climatology (Labitzke, 

1972; U.S. Weather Bureau, 1966) shows that areas near Japan and eastern North 

America have 200 mb potential temperature maxima which are both relatively 

stronger and located more equatorward than those over western North America and, 

especially, Europe. These features correlate well with our analyzed patterns 

of the locations and strengths of the equatorwari ozone fl~x. 

It is desirable to make some qualitative assessment of the relative impor- 

tance of standing and transient eddy ozone fluxes, and we do this via comparison 

of the present transient eddy results with a three-dimensional model's predic- 

tions of total eddy fluxes (steady plus transient). Prinn, et al. (1978), have 

shown total eddy fluxes, integrated throughout the depth of the model atmosphere, 

for an annual cycle of their three-dimensional dynamical-chemical model. To 

compare our results, we have also integrated from the surface to 30 km for the 

eastern North America sector only (Figure 8). The model's total eddy flux a t  

its wintertime maximum (50N) is one and a half times as large as our transient 

eddy flux at our maximum location of 37N. The model's winter eddy flux decreases 

rapidly toward pole and equator, but does nc,t bet.me negative, as ours does from 

45-55N and again poleward of 65N. However, even if its transient and atanding 

eddy fluxes were shown separately, it is likely that the model would fail to 

portray the southward transient eddy flux jn winter north of 50N. As indicated 

previously, this feature can be associated with the existence of a potential 

temperature maximm at mid-latitudes, which this model fails to predict 

(Cunnold, et al., 1975; Prlnn, et al., 1978). 

There are clearly large differences between this model's (and other models') 

results and the present obeervationql results which cannot be dismiseed simply 

by noting that the models fail to reproduce the mid-latitude temperature 
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maxitun. A major difference must be in the model's inclusion of standing eddies, 

which must make a large contribution to the total eddy ozone flux poleward of 

about 45N in all seasons except sumner, when our results agree with the model's 

results fairly well. Since transient eddies are dampe. In the stratosphere, 

only the ultra-long, quasi-stationary waves are evident in the middle strato- 

sphere, and those only in non-summer months. It is therefore ~aasonable to 8.m- 

mise that the standing eddy ozone flux is much larger than the transient eddy 

ozone flux above 18 Ian or so, and that it is basically the standing eddy flux 

which accounts for the rapid buildup of ozone near the level of the maximum con- 

centration (about 20 lan) at high latitudes in winter a d early spring (see, e.g., 

Wilcox, et a:., 1977). This suggestion has also been malle by Diitsch and Favarger 

(1969). It might also be noted that the standing eddy heat flux (Oort and 

Rasmusson, 1971, pp.288-289) is comparable to the transient eddy heat flux 

(pp.286-287) in the mid-latitude lower stratnsphere. We are led to infer that 

the standing eddy and transient eddy ozone fluxes are probably of c m ~ a r a b l e  

magnitude even in the lower stratosphere (i.e., tropopause to about 18 km). 

The tropical mean meridional circulation (Hadley Cell) appears capable of 

transporting large amounts of ozone from its primary so~rce region in the tropi- 

cal middle stratosphere downward and poleward to the sub-tropics, and it is 

probably the major mechanism in so doing (Hunt and Manabe, 1960; Cunnold, et al., 

1975). The mean meridional flux in mid-latitudes is almost certainly equacor- 

ward, but its magnitude is relatively :ncertain. Model results rttnge from 

portraying it as a minor effect (Cunnold, et al., 1975; Prim, et al., 1978) 

to almost balancing the eddy flux (Hunt and Manabe, 1968; Mahlman and Moxim, 

1978). 

In conclusion, both the direct computations reported here and the results 

df other inveetigations imply that the transient eddy flux of ozone appears to 

be of a t  least equal importance to the standing eddy and mean meridional 

fluxes in the mid- and high-latitude lower stretoephere, Above about 18 km, 

the standing eddy flux is probably more important, and, in the tropics, the 

mean meridional flux is the primary agent of traasport. Direct quantitative 

estimates of there horizontal fluxes, as well as indirect estimates of vertical 

fluxes, murrt necelrsarily await more spatially extensive otservations. 
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TABLE 2. Transient eddy ozone flux over eastern North America. Positive. de.loter 
northward. Unite: 10l8 molecules m'2sec-l. 

SWSON: December - February 

h SON 75 70 65 6 0  55 50 45 40 35 30 25 20 15 10 5 
- 

30.0 -1.6 -1.4 -1.2 -1.0 -.4 -5 .8 .2 -.7 -.7 -.4 .1 -3 .O -.6 -.7 

27.5-1.4-1.' -.6 .O 1.0 -8  .3 -.2 -.6 -.5 - 0  .2 - 2  .O -.3 -.5 

25.0 -1.2 - .6  -.1 -5 .1.2 -5 .2 -0 -.5 -.4 - 0  .2 - 2  .1 .O -0 

22.5 -.5 -.3 -0 .4 1.0 . 7  .4 .2 -.2 -.4 -.3 -.l .1 .2 .4 .4 

20.0 -.1 .O -1 .1 .O .5 .7 .6 .6 .O -.3 -.3 -.l -1 .' .4 

17.5 .O .O -1 -1 -1.0 -2.0 -1.0 -5 .8 .8 .O -.2 -.2 .O .2 -3 

15.0 -.6 -.5 -0 .1 -1 -2.0 -2.5 -1.0 2.0 2.4 -5 .O .O .1 .2 - 2  

12.5 -.7 -.6 -.5 -.5 3.0-1.0-3.0-1.0 3.0 3.4 .8 .2 .1 .2 - 2  .3 

10.0 -.7 -.6 -.5 .O 1.8 -1.0 -2.0 .5 2.2 2.4 .8 -3 .2 -3 .3 .3 

7.5 -.3 -.3 -.3 - . 2  -.1 -.2 -0 .6 1.2 1.2 .4 .2 .1  -1 .l .I 

5.0 -.1 -.l - . 2  -.2 -.2 -0 .2 .2 .2 .4 .1 .O .O .O .O .O 

SEASOH: March - nay 

Ian 80N i ;  70 65 60 A 50 45 40 35 30 25 20 15 10 5 



TABLE 2. (Continued). 

SEASON: ~ u n e  - August 

SEASON: Septanber - November 

km 80N 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 



TABLE 3. Transient eddy ozone f x over wester Nor h America. Positive denotes 
northward. Units: 10'' molecule. m-9sec-t. 

SEASON: December - February SEASON: March - May 
Ian 65N 60 55 50 45 40 35 

SEASON: June - August SEASON: September - November 



TABLE 4. Transient eddy ozone flux over western hurppe. Positive denotes 
northward. Units: 10l8 molecules m'2sec- . 

SEASON: December - February 
Iwr 55N 50 45 40 35 

SEASON: March - May 
Ian 55N 50 45 40 35 

SEASON: June - August 
km 55N 50 45 40 35 

SEASON: September - November 
km 5% 50 45 40 35 



TABLS 5. Transient eddy ozone flux over Japan. Positive denotes northward. 
Units: 1018 molecules m'2sec'1. 

SEASON: December - February 
km 45N 40 35 30 

SEASON: March - May 
km 45N 40 35 30 

SEASON: June - August SEASON: September - November 



PART I1 

EDDY DIFFUSION COEFFICIENTS AND WIND STATISTICS, 30-60 KM 

The transport of trace substances in the atmosphere is effected by motion 

systems of widely varying space and time scales. In two-dimensional (height 

and latitude) atmospheric models, the transport by zonal mean meridional circu- 

lations is explicitly computed, while the transport by all other scales of 

motion is parameterized by eddy diffusion coefficients. Also, all models are 

calibrated and verified by comparing their output statistics with the observed 

atmospheric statistics. As models become more complek, statistics other than 

just the mean fields will be used for this purpose. For example, Cunnold, 

et al. (1975), found it useful to discuss the standard deviation of total ozone 

values, and future model results might be compared with other circulation 

statistics. The purpose of this report is to present seasonal estimates of all 

three components of the eddy diffusion matrix (Kyy, Kyz, Kzz) and of the means, 

variances, and covariances of wind and temperature at 30 to 60 km by latitude. 

Previous efforts to estimate the individual components of the eddy diffusion 

matrix or the circulation statistics will be discussed as each set of results is 

presented. It will be noted here only that data above 30 lan are limited to 

rocketsonde wind and temperature measurements and, recently, satellite measure- 

ments of radiance. Although the radiance data are useful for qualitative 

purposes, they cannot be directly interpreted as temperature measurements, and 

there are serious theoretical and practical problems in retrieving temperature 

profiles from them. Some authors (e.g., Hartman, 1977) have attempted to find 

temperature and wind fields from a relatively short period of radiance data, 

but there seems to be no widely accepted climatology of such data at this time. 

Thus, the rocket data are presently the only suitable base for estimating 

diffusion coefficients or circulation statistics above 30 km. Table 1 lists 

the rocket stations used in this study. Although the complete period of record 

used here was 1961-1976, the maximum number of years of suitable data for a 

given eeaeon at any station was 14 years and a typical number of years was 

about 11. Theee results are thus based on at least twice as many years of 

data ae thoee of Kao, et al. (1978) (six years), Louis (1974) (four years), 

or Juetu8 (1973) (six years). 



Circula t ion  s t a t i s t i c s  such oe means and variances have been presented by 

many authors i n  the past .  However, those r e s u l t s  a r e  s ca t t e r ed  among d i f f e ren t  

publ icat ions,  have d i f f e r i n g  methods of da t a  treatment and ana lys i s ,  o r  use 

d i f f e r i n g  s t a t i o n s  and periods of record. The c i r c u l a t i o n  s t a t i s t i c s  presented 

here a r e  the f i r s t  r e s u l t s  f o r  both wind and temperature based on the  same 

period of record and analyzed with the same technique f o r  a l l  r e s u l t s .  

A l l  rocketeonde da t a  were obtained from WDC-A, Asheville,  except f o r  the 

s t a t i o n s  near 70E during 1972-1976. The l a t t e r  da t a  were extracted from tabu,. 

l a t i ons  of rocket soundings along the  Eastern Meridian iietwork obtained from 

NASA Wallops Space F l igb t  Center. Throughout t h i s  reporr ,  th ree  month seasons 

w i l l  be used with winter defined a s  December, January, and FebruarjV. 

B . DIFFUSION COEFFICIENTS 

a .  Method 

From G. I. Taylor ' s  theorem, the d i f fus ion  c o e f f i c i e n t  i s  equal t o  the 

product of the wind variance and the  i n t e g r a l  time sca le .  Murgatroyd (1969) 

used t h i s  theorem t o  obta in  the meridional d i f fus ion  c o e f f i c i e n t  Kyy by 

modeling the au tocorre la t ion  funct ion a s  an  exponentially damped c0sir.e funct ion 

of the time l ag  7 .  The model i s  given by 

with the parameters v a d  u, obtained frcnn wind t r a j e c t o r y  data .  The method of 

t h i s  repor t  uses Murgatroyd's model with the parameters obtained by a l eae t -  

squares f i t  t o  the  ca lcu la ted  au tocorre la t ion  funct ion f o r  the meridional wind. 

For each s t a t i o n  and f o r  each two kilometerr f r ~  30 km t o  60 h, the 

sequence of da i ly  wind values was high-pas8 f i l t e r e d  t o  remove seasonal trends 

and o ther  very long-period va r i a t i ons  associated with sca l e s  of motion not of 

i n t e r e s t .  A 61  pa in t  Caurrian f i l t e r  with a SOX rerponee poin t  a t  28 days war 

used. The wind da t a  a r e  i n t e rmi t t en t ,  and therefore  t o  obta in  an e f f e c t i v e  

i i l t e r  a t  l e a s t  f i v e  poin t r  were required t o  be  under t he  f i l t e r  and the SUB of 

f i l t e r  weight8 war required t o  be a t  l e a r t  .15. The f i l t e r e d  r i n d  valuer  



were then divided into individual seasons for which the autocorrelation 

function was calculated out to a lag of 21 days. For larger lags, noise and 

insufficient data render meaningless the cnlculation of an autocorrelation 

function. 

From the derived parameters, the Eulerian integral time scales were 

obtained and transformed to Lagrangian values by multiplying by .54, the value 

~iven by Murgatroyd for a height of 30 mb. The resulting integral time scales 

were multiplied by the meridional wind variances to give the meridional diffu- 

sion coefficients for each individual season. Finally, for each stati.on and 

height, the values were averared over all years to produce mean seasonal 

diffusion coefficients, Kyy, A stanjard error of estimate was calculated for 

each K 
YY* 

Because of thc easential non-linearity of the model and the poor time distri- 

bution of some of the data, the least-squares routine failed to find parameter 

values for sotne of the individual seasons. This problem was very severe for 

stations along the Eastern Meridian Network. For these stations, observations 

are often taken only once a week making the calculation of on autocorrelation 

coefficient impossible. Only at Heiss Island during winter was the data 

sufficient to calculate K values. 
YY 

b. Errors 

An estimate of the relative error in Kyy is given by the ratio of the 

stsndard error oZ Kyy to its mean value. This ratio varied considerah1,y with 

station, seaoon, and height, e.g., at Thule in winter from .5 at 30 km to 4.8 

~t 60 lan, and at White Sands in winter from .4 at 30 km to -5 at 60 km. In 

summer, the corresponding ratios were .6 and 2.8 for Thule, and .4 and . 5  for 

White Sands. In general, the relative error in 
%Y 

was abcut 50% at low and 

< iniddle latitudes and about 100% at high latitudes. 

a c. Results 
k 

An example of an autocorrelation function is given in Figure I. The exponen- 

tial damping is clearly present. However, a number of autocorrelation functions 

show an increase for lags of 10 to 15 days before damping toward zero, so in all 

cases the fitting was dale only to lag 10. 
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The Kyy values are given in Figure 2 and Table 2 for cross sections along 

80P, 150W, and the average of the two meridians. Stations along l5OW are more 

limited in latitudinal distribution than those station8 along 89W. A s  a s a a ~ l t ,  

the mean cross section at very high and low latitudes is not an average but a 

repetition of the 80W Kyy values for those latitudes. Figure 3 compares the 

winter 
5 Y  

profile for Thule wit . that for Heiss Island. Though Kyy values at 

Heiss Island are larger than those at Thule, the similarity of the profiles is 

obvious. 

In winter, K values increase with latitude and generally with height 
Y Y 

(Figure 2). Largest values of K are found above 50 Ian along both 80W and 150W. 
YY 

Along BOW, a secondary maximum is located at abou: 35 !an arid 65N. A ridge of 

large values projects from high to middle latitudes with its axis between 50 

and 52.5 km. During spring, K again generally increases with height and 
YY 

latitude. However, along 80W, a region of large values occurs over the equator 

at 60 lan. K decreases in middle latitudes but increases again at high lati- 
Y Y 

tudes. The pattern of values tends to be more horizontal in summer. Along 80W, 

a wave-like pattern is present in the values with ridges {round 15N and 45N. 

These ridges extend from 30 hr to 60 km. However, they nre not present in the 

150W cross section. The autumn K pattern is similar to the spring pattern. 
YY 

Higher values of K occur at high latitudes and above 50 lan, while a secondary 
YY 

maximum is present at 60 Ian over the equator. 

d. Discussion 

Previous work on diffusion coefficients by Murgatroyd (1969) and others is 

nearly all limited to levels below 30 lan and is not comparable to results in 

this report. However, Kao, et al., (1978) and Louis (1974) computed diffusion 

coefficients for a comparable region of the atmosphere. Though Kao, et al., 

did remove means and linear trends from the winds, neither they nor Louis 

removed seasonal and other long-period wind variations such as were removed by 

our high-pass filter. The emphasis in this study on the emaller scale diffusion 

process may account for much of the difference between present results and early 
. I  

work. Furthermore, because the wind variance in Kao, et al., is similar to our i 

values, differences in K between the results of Kao, et al., and this report 
YY 

I 
may be due to differences in the integral time scales. 
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I n  winter ,  the  K values  of Kao, e t  a i . ,  agree well with our values a t  
Y Y 

low l a t i t u d e s ,  but they a r e  l a r g e r  a t  high l a t i t udes .  Their rt~aximtm o c c w s  a t  

45N near 30 km where i t  exceeds our value 5y about an order  of magnitude. 

They do not show the ~fiaxiwm near 60 Ian where our  values a r e  l a rge r  by a f a c t o r  

of 4. On the other  hand, Louis f i nds  rhe maximum K a t  high l a t i t u d e s  neer 
Y Y 

50 Ian and low values near 30 km a t  a l l  l a t i t u d e s  which agrees  wel l  with our 

remits. I n  spr ing ,  our K p a t t e r n  and t h a t  of Kao, e t  a l . ,  agree a t  low 
YY 

l a t i t u d e s  and heights .  The values  of Louis a r e  muc3 s n a l l e r  ano h i s  r e s u l t s  

do not show a maximum a t  high l a t i t u d e s .  The s u m e r  wave-like p a t t e r n  i n  K 
YY 

values i s  present  i n  both our r e s u l t s  and those of Kao, e t  a l .  However, our 

values  near 55 Icm a r e  about one-half of those of Kao. Lsuis does not show the 

wave-like p a t t e r n  and h i s  summer values a r e  ;,mailer by a  fac tor  of 3. The 

autumn p a t t e r n  of K d i f f e r s  the most amollg the th ree  r e s u l t s .  We f ind  
YY 

maxima near 60 lan a t  high l a t i t u d e s  and over the  equatQr. Kao, e t  a l . ,  f ind  

no maxima i n  these r e g i o t -  but r a t h e r  near 60N a t  30-35 km. Louis' p a t t e r n  

cons i s t s  of a  hor izonta l  bana of l a rge  values  s t recching from the equator t o  

the  pole a t  50 Ian. H i s  K values a r e  smaller  than our r s s u l t s  by a  f ac to r  ~f  5. 
YY 

a. Method 

'ihe method employed t o  ca lcu?a te  K is based on t h a t  of Reed and Germ.1 
YZ 

(1965). The d i f fu s ion  coez f i c i en t  K is s e t  proport ional  t o  'he meridional 
YZ 

d i f fu s ion  c o e f f i c i e n t  K and the  proportionality f a c t o r ,  a ,  i s  the s lope 
YY' 

of the mixing path.  I n  the middle troposphere, cr i s  out  one-half of the 

slope, p ,  of the  i s en t rop i c  surfaces .  Wilcox (1976) computed the seasonal 

values  of cr and B f o r  tropospheric l e v e l s  using hea t  f l u x  da ta .  Because the 

r e l a t i onsh ip  between a and i s  not  known f o r  s t r a to sphe r i c  l eve l s ,  the method 

of t h i s  r epo r t  uses t k  r a t i o  of a t o  fJ a s  cmputed by Wilcox f o r  the approxi- 

na t e ly  26 km l eve l  a t  a l l  l eve l s .  

The v e r t i c a l  and northward qrad ien ts  of the  i s en t rop i c  sur faces  were computed 

on a  seasonal b a s i s  f o r  each longitude. Frorr, these r e s u l t s ,  the  rap40 of the 

hor izonta l  t o  the  v e r t r z a l  po t en t i a l  temperature grad ien t  was cmiputed f o r  each 

s t a t i o n ,  l eve l ,  a d  season. The negat ive of t h i s  r a t i o  was s e t  equal t o  p ,  



which was then multiplied by the ratio of a/@, given by Wilcox, to give n.. 

The resulting a values were multiplied by the corresponding K values to ,;ive 
YY 

b. Errors 

Because KyZ depends directly upon %, errors in Kyy generate errors Lrl  

K In addition, the ratio of a/@ given by Wilcox was derived for condition3 
YZ' 
at about 26 km, but the ratio is used for all heights £ram 30 Iw to 50 km 

Therefore, considerable uncertainty, especially with regard to the sign of 

is introduced at high altitudes. As a result, the error in K is b t  
"Y-2 ' Y = 
?east as great as the error in K a d  could be larger. 

YY' 

c. Results 

The values of K for 80W, 15W, and mean cross sections are given in 
YZ 

Figuxc 4 and Table 3. As a reminder, the 15OW crosb section is limited in 

latitude and the mean cross section at high and lov latitudes is not an average 

but a repetition of the 80U cross section. Also, no K are available tor the 
YZ 

Eastern M~ridiaa Network because the data there were inadequate. 

The K pattern for winter shows the largest positive valuer at 55 km and 
YZ 

40N with the largest negative values below and slightly poleward. This pattern 

of large positive values over large negative values is present at both 80W 

and 150W. In addition, there are a n d e r  of vertical bandr of K ailternatfag 
Y 2 

in sign which are loccted at lower latitudes. There vertical bands are probably 

due to the use of a constant alp ratio at all heights. The largest values of 

K in these bands tend to be located near 60 km. 
YZ 

For the spring pattern, a large negative center ir located ceax 63 1Pm at 

60N. h i s  negative center projects downward and toward middle latitudes. 

In the lower latitudes, the alternating vertical baadr of K are again present 
Y = B 

on the 80W and mean cross sections. For the 150W cross section, negotive valuee 

dominate the middle and low latitudes. In s-r, the pattern is rhplified as 

poleward of 40N there are negative valuer at a11 heights, while equatorward the 

values are positive, except for a band of negative K values at 20N. The K 
YZ Y = 



pattern in a u t m  shows large positive values above 50 kn at high latitudes and 

between 5N and ION. Negative values are located at low levels in middle lati- 

tudes, at all heights south of the equator and above 45 Ian at 20N. 

d. Discussion 

Previous estimates of K above 30 Ian have been given by Louis, but 
YZ 

extended to only 50 lam. In winter, there is good agreement at high latitudes 

between our results and those of Louis. At middle and low latitudes, Louis 

found a larger area of weak positive values cf K while our results produce 
YZ' 

a more detailed K structure with a large negative center at 50N and 50 Ian 
YZ 

and negative regions scattered throughout the tropics. 

In spring, there is good agreement betveen our results and those of Louis, 

except near 20N where we have a large negative area from 30 km to 60 Ian and 

Louis has weak positive values. At high and middle latitudes, we have a band 

of positive values extending from 45 km at 75N to 30 lan at SON, vhile Louis 

has weak negative values throughout the region. The smaner patterns are very 

similar except at 20N h e r e  we have negative K values compared to Louis' 
YZ 

positive values. Our autumn pattern is very dissimilar to that of Louis. 

We find large positive values above 50 km at high latitudes and sharply alter- 

nating regions above 45 kni at low latitudes. In contrast, Loui~ has weak and 

uniform negative vrlues at high latitudes and weak negative values at low 

latitudes. 

General features for all seasons are the negative values at high latitudes 

anb a region of large K values of contrasting sign from 15-20N at heights 
Y z 

above 50 km. If the sign changes of K are real in this second region, 
3= 

these changes would indicate that significant eddy diffusion ts occurring in 

this sub tropical area. 

3. Vertical Eddy Diffusion Coefficients (KZz)  
t. 

8 
C 
?. 
y In the stratosphere, the vertical dispersion of material proceeds much 
% 

slover than does the horizontal dispersion, and this will be reflected in the 
2 

relative smallnees of the Kzz values presented below compared with the K or 
Y Y 

K values. Due to the high static stability of the stratosphere, convective 
Y = 

1'1-7 
I 
I 
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overturning is suppressed and mechanical turbulence is confined to regions of 

very high wind shear. The shears associated with planetary scale waves or ~ h c  

mean circulation are not large enough to produce local instabilities. Rowever, 

the reiatively short verrical wavelengths of gravity waves can lead to unstable 

shears when the amplttude of the wave is sur'ficiently great. Hines (1970, 1974; 

has argued that the normal growth of wave amplitude with height arising from 

decreasing density will be offset by energy lost to turbulence, so the irave 

amplitude is constant with altitude. Pased on this premise, Hines has developed 

a formalism to compute vertical diffusion coefficients. 

According to Hines (1970), the vertical eddy diffusion coefficient is gl.; 

where T is the Brunt-Vaisala period, H is the atmospheric density scale height, 
g 

and h and A  are the horizontal and vertical wavelengths of upward propograting 
X i? 

gravity waves. In the case A z a r A x  then equation (2) can be simplified (Justus, 

1973) as 

Zimnennan (1974) has argued that no amplitude growth is a poor approximation in 

the lower atmosphere. By balancing the vertical gradient of the specific wave 

energy with an effective turbulent viscosity he derived an alternate expression 

for the vertical component of K, which will be called K here: 
z z 

where T is the period of the gravity wave, Vo is the perturbation velocity at 

the reference level, and V is that at level 2 .  

If the kinetic energy of the gravity wave is decreasing according to 



then it can easily be shown that (4) is a modification to (3) as follows: 

aside from the constant numerical factor. But Hines (1970) states that his 

numerical 'actor (0.014) was designed to give a predetermined result. Thus, 

the difference between 0.014 and the numerical factor in (4) (1/4vr2 = 0.025) 

is probably not important. In deriving (6) from (4). use is made of equation 
2 (34) of Hines (1974, paper 7). and the relations E = 112 pU and 

Q = p, exp (-Z/H). 

.f 

In the case of no amplitude growth with height, then (6) shows that KZZ = \ 
because then H = h. In general, however, K <% because there is some aplitude 

Z Z 

growth with height. This is illustrated in Figure 5, where the growth of V 2 

below 50 bn causes the kinetic energy to tall off less raprdly than density 

(Wh), while above 50 Ian there is no amplitude growth so H = h. 

Estimates of KZZ given btlow were made using (4) after applying equation 

(34) of Hines (1974, paper 7). All available temperature and density data at 

each station were used to estimate T and H for each season a: 5 km height 
8 

int~rvals. Estimates of 1, were made using the daily difference method des- 
2 

cribed below. The ratios of A x  to b from the data given by Justus (1973) were 
2 

used at all atations (Table 1) because the present data did not permit new esti- 

mates of Ax. The error introduced by using constant values of lx/~z should be 

very small, however, a? K varies with the fourth power of X but only inversely 
22 Z 

with Ax. 

In the daiiy differerrce method, zonal and meridional wind data for soundings 

separated by 24 hours (2 15 minutes) in time are differenced on a level-by-ievel 
basis to resolve the gravity wave canpcnent of the data. As detailed in Justus 

a ~ d  Woodrum (1972), this approach eliminates the seasonal, synoptic period, 

and tidal components of the winds. The verticai eLrl~cture function, D ( Z ) ,  ot 

the differenced values was made for each soulading pair through 12 km intervals 

in hcfght, centered 5 km apart, from 26 to 61 Ian. In each layer, a sounding 

pair was used only if all ievcls were present in the layer. The number of pro- 

files (oounding pairs) available at 36-48 lam is given in Table 1. Ideally, 

D(Z)  should reeemble a cycloid with wavelength A Z .  In practice, small-scale 



noise and a mixing of wavelengths combine t o  permit d e t e c ~ i o n  of  only the aver- 

age f i r s t  m8xiPun i n  D(Z), a s  i l l u s t r a t e d  i n  Figure 5 .  The half-wavelewth wcs 

estimated from D(Z) by the locat ion of the minimrn of the second derivat ive w i t h  

height. 

Values of KtL f o r  the s ta t ioxu along 80W, along about 15W, and fo r  t h e i r  

mean a r e  given i n  Figure 6 and Table 4. In  general,  
KZz 

increases s teadi ly  

from 10 k t o  the upper stratosphere, and usually increases very rapidly i n  

the lower mesosphere, (note tha t  the contours i n  Figure 6 a r e  a t  ncn-unifcrm 

in tervals ) .  Alchoqh there a r e  differences between the 80W and 1506! sect ions,  

sane pers i s t en t  fea tures  emerge i n  the mean sect ions.  For e x q l e ,  the trocgh 

of r e l a t ive ly  mall values with l a t i t u d e  near 25N i n  the upper s tratosphere 

during winter is found near 6ON i n  spring, 40N i n  s m e r ,  and 40N i n  autumn. 

I n  the mean sect ions,  la rges t  values a r e  found i n  the t ropica l  mesosphere dur- 

ing a11 seasons, and exceed 200 m 2 s - I  during winter and s-er. 

S t a t i s t i c a l  e r ro r s  of K range from 15 t o  55X, and average about 30% of 
z z 

the value of K 
22' 

Errors were estimated by @ Monte Carlo simulation of D(Z), 

randolrly allowing each point aiong D(Z) t o  be anywhere within one standard 

e r r o r  of the mean value of D(Z). For each simulation a A z  w a s  computed, and 

the standard e r r o r  of the mean of the  sample of XZ's was used i n  the dffferen- 

t i e l  form of equation (4) t o  e a t i r a t e  the e r r o r  i n  K Z Z .  

A t  55 km the present r e s u l t s  a r e  about three-fourth? a s  large a s  the 

seasonul- lat i tudinal  average value given by Jus tus  (1973). H l s  da ta  a r e  from 

a l l  seasons and apparently represent the average of Ascension Island, Cape 

Kennedy, and Fort Greely f o r  the period 1964-1969 (Justus and Woodrum, 1972). 
2 -1 

A t  35 lun the seasonal- lat i tudinal  average of the present r e su l t8  is about 4 m sec 
2 -1 

while Justus giver about 20 m sec . The present r e s u l t s  a r e  smaller than those 

of Jus tus  becaulre the adjustment f ac to r  presented i n  equation 6 i r  less than one 

a t  a l l  levels  on the average, and is smuller a t  35 than a t  55 b. I 

A new fea ture  o *  the present r e r u l t s  is the very rapid increare of K above 
zz 

the stratopaure. Past workers have rugge8ted a rudden decreare of KZiL a t  the 



tropopause followed by a steady increase up to the mesopause. It now appears 

that there is a sudden increase at the stratopause. 

C. CIRCULATiON STATISTICS 
I :  

6- All mean vp.ces presented here were c q u t e d  by arithmetically averaging 
! 

all available observations for a given season and level at each station. 

Variances and covariances were canputed using data high-pass filtered with the 

filter described in Section B. 
.- 

1. Seasonal Means and Variances 

a. Temperature 

Temperature data for all stations listed in Table 1 were used to prepare the 

results presented in Figures 7-8and Tables 5-6. Data at stations near 60E were 

ignored above 50 lac because they are not compatible with other data at high 

altitudes (Finger, et al., 1975). Corrections for solar radiation errors were 

applied to obsewations flagged as not already wrrected, as described in 

Nastrom and Belmont (1974). 

During all seasons, the mean stratopause slopes upward toward the pole 

(Figure 7 ) ,  but has mean temperatures above 270K at all latitudes only during 

spring. Variance of temperature (Figure 8) is largest during winter near 60N. 

During sprlng, largest variances are found at highest latitudes below 45 Ian, 

while dcring autrrmn the m a x i m u n  variance is near 60 km at 60N. Largest 

variance during slmnner occurs in.the lower mesosphere near 30N. 

b. Zonal wind speed 

Thc winter jet in mean zonal wind speed (Figure 9 and Table 7) is found 

above 55 km near 40N, in agreement with past results (Belmont, et al., 1975; 

Taresenko, et al., 1976). Other features of thk mean zonal flow are also well- 

known and serve to verify past results. One interesting feature which cannot 
2 ' 

be shown in seasonal mean sections is the quasi-biennial oscillation (QBO) , 
i 

i which is largest below about 30 lan equatorward of about 20' latitude (Belmont, 

et al., 1975). Due to the QBO, mean values in the tropical mid-stratosphere 

depend strotgly on the period of racord chosen for averaging. Finally, it 



should be noted that no attempt has been made to reconcile the mean zonal winds 

and the mean temperatures via the thermal wind relation. The avaihble stat!o,~s 

(Table 1) do not permit making true zonal means, and even along given longitudes 

the stations do not lie along a straight north-south line and only approximate 

a meridional section. Also, stations don't all take their observations at: the 

same time. Station distribution, observational incongruities, and other 

sampling problems can lead to d e l  dynamic instability, such as found by 

Schoeberl and Zalesak (1976) for the CIRA (1972) zonal wind model despite the 

care taken to make it obey the thermal wind relation. 

The variances of zonal wind speed (Figure 10 and Table 8) generally follow 

the same pattern as the variances of temperature. It should be noted that the 

present results represent wind variability due only to high frequency variatioc- 

and do not include interannual or other long-period changes. 

c. Meridional wind speed along 80W 

The seasonal mean values of meridional win3 speed given in Figure 11 and 

Table 9 verify the patterns previously published for mid-seasonal months 

(Nastran, et al., 1975). As stressed in the latter paper, the mean meridional 

winds at a given location are largely due to standing planetary waves. Thus, 

the mean value is a strong function of longitude so that a dense network of 

stations would I.:.? reqcired to resolve the zonal mean value. 

The variances of meridional wind speed, which were usec! in Section B for 

estimating K are given in Figure 12 and Table 10. Largest variances are 
YY' 

found near the polar stratopause during all seasons except sunmer, when the 

largest values are in the tropical mesosphere. These result2 ohould not be 

compared with previous values (e.g., Newell, et al., 1966) which failed to 

remove the interannual canponeat of the variance. As shown in Naetrom, et al. 

(1975, Table 2), the variance due to interannual variations is about the same 

magnitude as the high- frequency component presented here. 

2. Seasonal Covariances 

The covariance8 of the (high-pass filtered) meridional wind with zonal 

wind and temperature are presented in Figure 13 and 14 and Tablee 11 and 12. 



These represent the poleward fluxes of westerly momentum and temperature 

(sensible heat) by the transient eddies. In preparing these results, data for 

all stations were plotted, but stations nearest 80W were favored during the 

analysis if longitudinal differences were found. For example, during winter at 

40 b the covariance of wind and tanperature at Heiss is large positive while 

at Thr3le it is large negative, and so the final analysis shows negative values. 

Also, these results do not represent the fluxes by standing waves. Although 

there have been efforts (e.g., Stanford and Dunkerton, 1978) to estimate winds 

and temperatures £ran satellite data on a global basis, a useful climatology of 

such data is not yet available to compute standing eddy fluxes. Thus, there is 

no way to measure the relative importance of transient and standing eddy fluxes. 

D. S W . Y  

In view of the differing analysis techniques or differing data samples, the 

eddy diffusivities presented here agree remarkably well with past estimates. 

However, in the a~plication of K-values to two-dimensional models the actual 

magnitude of the diffusivities is no more important than their spatial patterns, 

i.e., their gradients with height and latitude. As the present patterns are 

often much different from those of past results (and from each other, depending 

on longitude), these diffusivities are expected to influence future model 

results. 

The circulation statistics presented here confirm and expand on the 

numerous past results given, usually, for each parameter separately or for a 

relatively short period of record. It seems that these covariances of meridianal 

wind with temperature and zonal wind are the first complete set of such results 

to be presented. 
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TABLE 1. Rocketsonde data used, 1961-1976 (at 50 lan). 

Number of data 
pairs at lag zero 
(for Kyy 5,) 

Station IAT LON SPR SUM AUT WIN 

Number 
of sounding pairs 

(for K,,) 

SPR $CP; AUT WIN 

a. Stations( near 80'~ (Atlantic zone) 

Thule 

Churchill 

Wallops 

White Sands 

Canaveral 

Antigua 

Shennan 

Ascension 

b. Stations near 150'~ (Pacific zono) 

Poker Flats 64 146 147 202 ! 58 144 

Primrose 55 110 172 58 194 94 

Point Mugu 34 119 593 542 548 557 

Barking Sands 22 160 557 445 441 355 

Kwa jalein 9 -168 161 175 150 230 

c. Stations near 60'~ 

Heiss Island 81 . -58 7 23 0 58 

Volgograd 49 -44 6 0 8 1 1  

Thumba 8 - 7 7 2 0 0 0 0  
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TABLE 3 .  Seasonal values of K (10 m sec b. 

Y *  

I 2 
I8 
605 
443 
Zon 
107 
-be 
-112 
-:59 
-121 
-9s 
-5s 
-22 

b4 1 
-3 
743 
55 I 
351 
LOO 

-157 
-1% 
-115 
-v1 
-M - n 
-4 
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TABLE 3. Seasonal valurs of K 110 m sec ). 
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47.5 I *I SZ W la I1 I2 I? a 3 -I -I 14 9 
45.a I ). a I a I -3 I 0 5 -2 3 19 13 
42.1 # 3a -2  -?I -4I -7 4 1 b 16 9 
ba.# 23 f: -7 -W -JS -11 8 I @ 4 S 9 12 J 
31.5 a 19 10 -t -n -3a -10 -I -1 - 3 r b I, 5 
35.a a 16 19 I a -a -a -2 -I a r 3 5 
32.5 LO I4 Z - 1  -I@ -7 -2 -I 0 I 2 5 3 
3a.a 4 V 3 - 7 - 1 1  - . - I  c 1 I # I 
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TABLE 4. Seasonal values of KZZ (10 cm sec ). 

b O . O I *  1050 
57.5 LOO 
55.0 550 
52.5 450 
50.0 350 
47.5 310 
45.0 270 
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40.0 150 
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TABLE 4. Sea8onal values of K z z  (LO cm sec ) .  
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(10 cm sec ) . Seasonal values of K 
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TABLE 6. Variance of temperature ( K ). 



1 - 1 
TABLE 7. Seasonal mean zonal w i ~ d  speed (10 m sec ) .  
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1 TABLE 9 .  Seasonal mean meridional wind speed (10 m c,--l) alon~ 80'~. 
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TABLE 1 2 .  Covariance of ranperaturc and ncridional wind speed (10' I * K  scc , 
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F I G ~ E  2. sea.oml values o t  KW (10 ' r - ' ) .  top: M%* center: 150%. 
Bottom: mean. 
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FIGURE 2. Continued. 
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F:GURE 2. Continued. 



4 2 FIGURE 3. Camparima of K (10 m s ~ c - ~ )  durjiq winter at Thule (77N. 69V. 
molid l ine)  pad%im (91N, 588, dotted line). 
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FIGURE 4. Seasonal values of K Yz ( l o 1  rn',,~-~). Top: 80 W ,  Center: 150%, 

Bottorn: mean. 
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FIGURE 4. Continusd. 
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(c)  SUMMER 

FIGURE 4. Continued. 
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FIGURE 4. Continued. 
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FIGURE 5 .  Examples of data used for e s t i m a t i n ~  K Z .  (a) Vertical profi lec 
of spec i f ic  kinetic  energy, density, and the square of the pcrturba- 
t ion w1c.d speed at  Point Mugu during vinter.  (b) Macgitude of 
tbe v e r i ~ c a l  structure function (b'Z)) as a function of separation 
distanc- for the alt i tude range 52-64 mu a t  Canavoral during autumn. 
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FIGURE 6 .  Continued. 
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